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TECHNICAL NOTE 2022

PROPELLER FLIGET DFZESTIGATION TO IEERWNE

TBE EFFECTS OF BLADE

E& Jerome B. Hsmmack and

LOADING

A. W. Vog&ley

A flight investigation has %een made of a three-blade propeller in
cltib and at high speed to determine the effects of blade power loading.
hcreasing the blade power coefficient from 0.06 to 0.09 was found to
increase the efficiency approximately 8 percent at an airplme Mach number
of 0.7 and a proyeller-tip Mach rumiberof 1.Q. Further increasing the
blade power coefficient from O.I.2to 0.16 increased propeller efficiency
4 percent at an airplane Mach number of 0.7 SJ@ a propeller-tip Mach
num%er of 1.07. These increases were shown to be caused primarily by a
reduction h profile drag losses.

In climb, an ticrease in power loadhg was shown to reduce efficiency,
as a consequence of increased inauce~ drag losses. Profile losses, except
where bkae stall was encountered.,were of secondary tiportance.

INTRODUCTION

The effects of blade power loading on the characteristics of a
three-blade propeller have been investigated by climb ed. high-speed
flight tests. Climbs were made at an i.ndicateaairsyeed of 165 miles
per hour- High-speed.tests were made up to an airplme Mach number
of 0.7 and to a propeller-tip Mach number of about 1.1. Bla&e power
coefficientsfrom 0.06 to 0.16 were investigated.

The present paper includes data previously publishes h reference 1
as well.as data obtained in the present investigation. The two tivesti-
gations were made with two radial-engine fighter airplanes Mffering
mainly in engine power ratings and slightly in propeller gear ratio. me
two series of tits have been correlated, and a brief discussion is given
on the effects of blade ~er lo@ng on propeller operatim.
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SYMBOLS

b

B

dCT
,—
d(x*)2

h

J

M

%

n

P

R

r

blade-section width, feet

number of blades

s~tion lift coefficient

&esign section lift coefficient

propeller

propeller

()power coefficient Q-
pn3D5

thrust coefficient (--&\
\ Pn2D4)

element thrust coefficient

propeller dlsmeter, feet

blade-section

advance ratio

a@ilane Mach

maximum thlclmess, feet

()vSE

number

helical Mach number

propeller rotational speed, rps

●

●

engine power supplied to yropeller, foot-pounds per second

propeller tip radius, feet

radius to blade element, feet

radial distance from thrust axis-to survey point, feet

propeller thrust, pounds

forward speed, miles per hour
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$ blade sngle at any radius, degrees

7 proyeller efficiency (\
@

P density,

a ratio of

\ ‘Pj

slugs per cubic foot

&ensity of free air to density of ah at sea level

3

IROPEILER AND TEST EQUIIMENT

General specifications of the propeller and engine used in the
present investigation and those of reference 1 are as follows:

,

Specifications Airplane of Airplane of
present investigation reference 1

Number of bfies . . . . . . . . 3 3
Blade design . . . . . . . . . . Hamilton s~a Hsmd.ltonStandmd

NO. 6507A-2 NO. 6507A-2
Approximate design lift

coefficient . . . . . . . . . 0.4 0.4
Airfoil sections . . . . . . . . NACA 16 series NACA 16 series
Propeller Uameter, feet . . . . 12.92 u.83
Propeller reduction gear

ratio. . .L. . . . . . . . . 0.45:1 0.50:1
Engine. . . . . . . . . . . . . Frat; ~o~3tney Pratt and Whitney

R-2&10-59

Normal yower rating of engine:
Engine syeed, rpm . . . . . . 2600 255Q
mfOla pressure,

inches of mercury . . . . 42.5 42
Brake horsepower . . . . . . 17c0 1625

Military power rating of engine:
Engine speed, rpm . . . . . . 2800 2700
Manifold.pressure,

inches of mercury . . . . 54.5 52
Brake horsepower . . . . . . 2100 2000

.

War-emergency power rating Qf
engine:
Engine syeed, rpm . . . . . . 2800
Manifold pressure,

inches of mercury . . . . 72
Brake horsepower . . . . . . 2800
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Blade-form
photograph of a

curves of the propeller are presented in figure 1. A
typical installationand airplane is shown In figure 2.

Propeller thrust was measured by the slipstream-surveymethod.
and engine pwer ly a torque meter supplied by the engine ~nufacturer,
The test equipment,.test procedures, and method of reduction of data
were identical with those described in reference 2.

RESULTS

The behavior of the propeller in a normal power climb is shown in
figure 3. In this figure, the variations of advance ratio, thrust
and power coefficients, efficiency, and propeller-tip and airplane Mach
numbers with tiensityaltitude are given. ~pi.cal thrust-distribution
curves for the normal power c~b are presented in figure 4. Similarly,
the characteristics of the propeller in a military power climb are
given in figures z and 6 and ina war-emergency -powerclimb, in figures 7
and 8.

●

The characteristicsof the propeller atihigh speed are presented b
in figure $1as the variation of efficiency with airplane Wch number
for several values of blade power loading. ti f@re 10 is given the
variation of pro~eller efficiency with blade power loading at an
airplane Mach number of 0.7. In figure 10 tit-afor two values of tip
Mach number are given because a slight difference in propeller gear
ratio exists between the two test airplanes.

In figure 11 are presented thrust-distributioncurves for the
relatively low blade power coefficient of 0.08 over the airplane Mach
number range from 0,430 to 0.713. Thrust distributims for the
highest blade loading tested, 0.16, and over essentially the same
Mach number range are given in figure 12.

ANALYSIS ANDDISOUSSION

As blade power loading was increased, the Mach number at which
maximum propeller efficiency was attained was increased as can be
seen in figure 9. As a consequence, at the m,ximum airplane Mach
number of 0.7, an increase in blade power loading resulted in an “
ticrease in propeller efficiency. At an airplane Mach number of 0.7
and a tip Mach nwnber of 1.13 (for the airplane otieference 1), an
increase in the blade power coefficient frcm 0.06 to 0.09 can be seen

x

from figure lo(a) to res~t in an 8-Percent gain in propel~r efficiency.
L
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At the same airplane Mach number
nuxiberof 1.07 (due to the luwer

of 0.7, but at the lower tip lhch
propeller rotational speed of the

airplane of tie present investigation), an increase in Klade power
coefficient frcxuO.U to 0.16 resulted in an increase in prope~er
efficiency of 4 percent. (S.eefig. 10(b).)

Froman amlysis of the profile and induced losses, the main
effect of m increase in power loadlmg was found to be a reduction
in profile-drag losses inregi.ons of operation where compressibili@
losses occur. Determination of the reason for the increase h
efficiency with increase,in ~wer loadhg requires knowledge of the
operating lift coefficients. I!ehaviorof the section llft coefficient
for high-speed flight at a sample radial staticm of O.~ is +mwn in
figure 13. The lift-coefficient curves were obtained frcma simple
blade-element theory with the use of the measured.values of section
thrust loading and reasonable assumed.values of section lift-drag
ratio. Erom this figure, the increase in section lift coefficients
with power loading may be seen.

It is interesting to note that for the test propeller the highest
measured efficiency at an airplane Mach number of 0.7 (fig. LO) was
obtatied when the design station of O.~ was operating at a lift
coefficient of 0.7 (fig. 13) rather than at its design lift coefficient
of 0.4 (fig. 1). Furthermore, because of insufficient engine power the
blade loading for maximum efficiency was not reached; this fact indicates
that better section efficiencies would be obtained at still higher Wads
loadings and section lift coefficients. This result is deemed
reaso~ble in vi~ of reference 3 which shows that at high subcritical
Mach numbers, maximum sectdonllft-drag ratio is obtained with
NACA 16-series afifoils at a lift coefficient which is always higher than
the det3@n lift coefficient.

Other factors affecting the variationof high-speed efficiency
with power loading are the axial and rotational induced losses. At
high forward speeds and at advance ratios in the range of these tests,
the tnduced losses are, from calculathns, generalJy small with
respect to the profile losses. Although the induced losses will increase
with power hating, to a mall extent the increase is alleviated by
the improvement in thrust distribution of this propeller as the blade
power coefficient is increased. The ifiuced losses are a minhum
when a Betz distribution, which may %e approximated by an elliptical
distributionof thrust with the square of the propeller radius, is
obtained. Figure 14 presents the variation in thrust distribution with
blade power loading at an airplane Mach number of 0.7. Ihthe figure,
the thrust-distribution coefficients have heen multipliedby J/C~
to compensate for the variation in power coefficient and advance ratio
between the tests. It is seen that the thrust distribution more
nearly ap~roaches an elliptical distribution as the power loading is
increased so that the normal increase h induced losses with power
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is somewhat compensated by the more favorable distribution. Even so,
the trend is for the induced losses to increase with power loadlng, and .

a net gain in efficiency must therefore be the result of a reduction
in profile losses.

In climbs, ananal.ysis shows that the variation of efficiency with
power loadlng is caused primarily-by the change In induced losses and,
in contrast to the high-speed case, only secondarily %y the change in
profile losses. This fact is illustrated in figures 3 end 5 in which
little change in efficiency occurs throughout the cltibing range.
~ese climbs cover a wide range of blade power coeff’icients,butat
the same time the advance ratios ae varying in such a manner that the
effects of advance ratio on the Induced losses compensate for the effects
of power loading. In the climb of figure 7, however, not only is the
general level of efficiency lower than in the previous climb, but the
efficiency decreases with altitude. In this case, because of the
rapidly increasing power coefficient, the muted losses due ~
power loading are not compensated by the effect-of increasing advance
ratio.

l?rofile losses are in evidence in figure 7 and can be seen
graphically lnflgure 8(f). Profile losses In climbs are only important
when power Loading is increased to such an extent as to cause blade
stall; this increase resulted in such a condition as shown In the previ.-.
ously mentioned figure (fig. 8(f)) and, agdn, in figme 15. h tie
present investigation noticeable blade stall losses were encountered in ‘
only one power condition - that-of war-emergency power cllmb.

CONCLllDINGREMARKS

A flight investigationhas been made of a three-blade propeller
In climb and at high speed to determine the effects of blade power
lokdhg . Increasing the bbde power coefficient from 0.06 to 0.09
increased propeller efficiency approximately 8 percent at an airplane
lkch number of 0.7 and a propeller-tip Mach number of 1.13. Further
increasing the blade power coefficient from O.12 to 0.16 increased
propeller efficiency 4 percent at an airplane J@ch numler of’0.7
and a propeller-tip Mach number of 1.07. These ticreases were sh~
to be caused primarily by a reductionln profile drag losses.
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In cltil, an ticrease in yower load= over the range of blade
yower+coefficients investigated was shown to reduce efficiency, as a
consequence of increased induced drag losses. I&ofile losses, except .
where blade stall was encountered, were of secondary @ortance.

Langley Aeronautical Idoratory
Natio=l Advisory Committee for Aeronautics

Langley Air Force Ease, Vs., December 2, 1949
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Figure l.- Blade-form curves for a three-bladepropeller.
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Figure 3.- Normal Tower climb at an indicated airspeed of 165 miles
per hour with a three-blade propeller on airplane of present
investigation.
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(a) J=l.O~; Cp=O~153; CT= O.l15; ~=78.! percent; M= O.240;

Mt+ 0.761.
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(b) J = 1.125; Cp = 0.177; CT = 0.12$);~ = 81.9 percent; M = 0.260;

Mt = 0.770.

Figure 4.- Thrust-distributioncurves for normal power climb. Three-
blade propeller on airplane of present investigation.
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(d) J=l.360; CP =0.276; CT.=0.165; ~=81.5 percent; M= O.327;

Mt = 0.824.

Figure 4.- Continued.
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(e) J=l.4z6; CP =0.321; CT =0.185; q=82.2 percent; M= O.349;

Mt = 0.845.

Figure 4.- Continued.
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Figure 4.- Concluded.
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Figure 5.- Military power climb at an indicated airspeed of 165 miles
per hour with a three-blade propeller on airplane of present
investigation.
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(a) J = 1.007; Cp = 0.174; CT = 0.135; v = 78.2 percent; M = 0.244;

Mt = 0.797.
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(b) J = 1.099; Cp = 0.206; CT = 0.149; T = 79.6 percent; M = 0.265;

M+ = 0.801.

Figure 6.- Thrust-distributioncurves for military power climb, T.bree-
blade propeller on airplane of present investigation.
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(c) J = 1.123; C~ = 0.235; CT u 0.164; ~ = 78.3 percent; M = 0.279;

~ = 0.829.
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(d) J = 10119J Cp = 0.268; CT = 0,176J q = 78.7 percentj M = 0.302~
Mt = 0.845.
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Figure 6.- Continued,
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(e) J = 1.331; Cp = 0.331; CT = 0.200; ~ = 80.6 percent; M“= 0.343;

Mt = 0.878.

Figure 6.- Continued.
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Cp = 0.371; CT = o.21o; q = 79.8 percent; M= 0.367;
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Figure 6.- Continued.
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(g) J = 1.503; Cp = 0.404; CT = 0.zI_6; q = 80.3 percent; M = 0.398;

Mt = 0.922..

Figure 6.- Concluded.
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Figure 8.- Thrust-distribution curves for war-emergency power cl~.
Three-blade propeller on airplane of present investigation.
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(c) J = 1.102; Cp = 0.300; CT = 0.186; q = 68.4 percent; M = 0.275;

~ = 0.831.

Figure 8.- Continued.
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(d) J = 1.198; Cp = 0.335; CT = 0.198; ~ = 70.9 percent; M = 0.306;

~ = 0.858.

Figure 8.- Continued.
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Figure 8.- Continued.
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(f) J = l.s~lj Cp = 0.k50; CT = 0.204; TI= 61.2 percent; M = 0.357;

Mt = 0.903. ..

Figure 8.- Concluded.
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Figure 9.- Behavior of propeller efficiency with airplane Mach number
at a series of blade loadings. Three-blade propeller on airplanes
of present investigation and reference 1.
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Figure lb.- Effect of blade power coefficient on propeller efficiency at an airp~e Mwh number of 0.7.
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Mt = 1.032.

‘igure11.- Thrust--distributioncurves made at a blade power coefficient
of 0.08 over airplane Mach number range. Three-blade propeller on
airplane of reference 1.
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(c) J=l. ggO; CP =0.237; C*= O.0955; q=80.1 percent; M= O.573;

Mt = 1.071.
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Figure U..- Continued.
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Mt = 1.149.

Figure 11.- Concluded.
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Figure 12.- Thrust-distributioncurves made
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airplane of present investigation.
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Figure 12.- Continued.



NACA TN 2022 35

(c)

.3

5

,2 : .!‘

dcr
dw)

.1

0
I
1

-,!
.2 .4 .6 .8 to /z

Xs=

J = 2.30k; cp = 0.490; cT = 0.177; q = 83.4 percent; M = O.

.3

.2

o

-./

622;

.& ,4 .6 .8 > [0 L2 ,
x~=

(d) J=2.57k; cp= 0.477; CT = 0.152; q = 82.0 percent; M = O.694;

Mt = 1.095.

.

—.

Figuxe 12.- Concluded.
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